Based on the working environment and control strategy of the leakage current particulate sensor on the diesel engine, the ANSYS finite element simulation is applied to prove the reliability of the sensor in the response phase. It shows that the full load conditions of the diesel engine harsh the exhaust environment, which leads to higher thermal stress in the sensor. The temperature of the front end of the sensor base is up to 227°C, and the highest thermal stress appearing in the sensor is 88 MPa. Both of them are lower than the upper limit request, which guarantees the working reliability of the sensor in long period. The effect of outside environment on the highest temperature of the sensor base is also investigated, and it shows that the lower temperature and the higher convective heat transfer coefficient would be in favor of the reliable work of the sensor. In addition, it shows that the cold start time of the sensor is reducing exponentially with the increasing heating power, and the optimum heating power is 60 W taking the linearly increasing thermal stress into consideration.
Introduction
It is an undeniable fact that the diesel engine is better than any other thermal engines when it comes to the advantage of energy conservation and little CO 2 emission [1] . However, it is inevitable that the particulate matter (PM) emission and soluble friction (SOF) emission from the diesel engine may influence the health of people. Hence, diesel particulate filter is widely used to reduce the PM emission in European and American [2] .
According to the OBD emission regulations issued in California (USA) in 2013, PM emission is required to be lower than 10.8 mg/km [3] . The OBD thresholds for light cars and heavy cars in Europe are 12 mg/km and 25 mg/km, respectively [4] . As for it, the pressure difference sensor with poor sensitivity cannot meet the OBD standard of Europe and America. PM sensor can satisfy the requirement of the abovementioned OBD standard, because it can acquire the mass concentration of PM in exhausted gas, which can directly infer and adjust the working status of DPF. Therefore, the demand for the new high-precision PM sensors is becoming more and more urgent [5] [6] [7] . Recently, PM sen-sors based on different working principles have appeared. Based on the multilayer ceramic technology, the resistive and capacitive PM sensor developed jointly by BOSCH (Germany) and NTK (Japan) converts resistance and capacitance values into PM concentration [6, 8] . Picasso in Finland proposed the charging current difference PM sensor, where corona charger is put in the sensor Faraday cup. The current difference before and after charging the Faraday Cup is acquired by the electrometer in the sensor, which can imply the PM concentration [9, 10] .
The prototype mechanism of the leakage current PM sensor is originally proposed by Steppan et al. of Emisense Technologies, LLC. to detect the PM concentration [11] . Figure 1 shows the diagram of PM sensor of Emisense Technologies, LLC [12, 13] , and the head of the sensor is vertically installed in the exhaust pipe downstream of the DPF. The concentration test zone based on the principle of capacitance locates between the central electrode and the internal baffle. The working principle of PM sensor is as follows. Pressure difference contributes the exhausted gas to flow into the concentration test zone. Then, PM in the exhaust gas is ionized or polarized into conductors under the high voltage, and leakage current generates between the electrode and the internal baffle [14] . The leakage current varies with the change of the concentration of the PM in the concentration test zone. Therefore, the concentration of PM can be implied by measuring the leakage current. The microcurrent of nA level collected by the sensor would be converted to the voltage signal positive to the current by the sensor control unit (SCU), and the voltage signal ranges from 0 to 5 V [15, 16] . Compared with other PM sensors, leakage current PM sensor possesses the following advantages: real-time monitor of PM concentration, long working period without frequent regeneration, and low cost.
To optimize the structure of the sensor, the ANSYS software is employed to simulate the temperature and stress distribution of the sensor by changing the environment parameters and structure parameters of the sensor. And the optimum heating power is investigated under the circumstance of the engine working at idling speed.
Simulation
2.1. Numerical Method. In this paper, the finite element method is used to simulate the temperature and thermal stress distribution by ANSYS software, where the structure (solving domain) is divided into finite units, all of which gathered are approximately equivalent to the original structure. Then, the sum of the simulated results of all units is used as the simulated results of the whole solving domain. In 1963, Besseling et al. demonstrated that the finite element method is another form of the Ritz method based on the variational principle [17, 18] .
The temperature change of the object will cause the thermal deformation of the structure, which would produce thermal stress through the spontaneous constraints of the object structure [16] . The determination of the structure temperature field is a prerequisite for obtaining its thermal strain and thermal stress. The temperature value of each point inside the structure is called the temperature field, which is a function of the position coordinates (x, y, z, t) and time t, and it is usually expressed as follows [19] :
There are three ways of heat transfer, including heat conduction, thermal convection, and heat radiation, caused by the temperature difference in the nature [20] . The change of the inside heat would result in changes in the object temperature without considering the phase change. When the temperature increment of micro object unit is ∂T/∂t in unit time, the saving heat dQ could be expressed as follows [19] :
where ρ is the material density (kg/m 3 ) and c is the material specific heat (J/(kg·K)). In the finite element analysis, the relationship between the temperature change at each node of micro body and the saving heat of the micro volume can be obtained by the temperature field control equation based on energy conservation principle. The differential equation of transient heat conduction inside the orthotropic anisotropic object can be defined as follows [19] :
where k x , k y , and k z are the thermal conductivity in three orthogonal directions and q b is the heat flow intensity of the internal heat source. The temperature field of the object at the initial time is used as the initial condition of the control equation, which can be expressed as follows [19] :
Boundary conditions are divided into three categories according to the characteristics of the heat conduction process at the boundary of the object:
(1) The first type of boundary condition: temperature boundary condition. The temperature of the boundary is defined
(2) The second type of boundary condition: heat flow intensity boundary condition. The heat flow intensity q at the boundary Sq is defined [19] . (3) The third type of boundary condition: convective boundary condition and radiation boundary condition. The convective boundary condition at the boundary S c can be defined as follows [19] :
where q c is the heat flowing through the unit area in unit time along the n direction, h is the convective heat transfer coefficient of the surface of the object, T c is the surface temperature of the object, and T s is the environment temperature. In addition, the radiation boundary condition at the boundary S r can be defined as follows [19] :
where q r is the heat flowing through the unit area in unit time along the n direction, κ is the equivalent radiation coefficient, T r is the temperature of the object surface, and T s is the environment temperature. The temperature field of the whole solving domain can be uniquely determined by the complete boundary condition based on the control Equation (3). After the determination of the temperature field, the strain caused by the temperature variation can be obtained according to the relationship between the temperature and the thermal deformation, as well as the additional Hooke's Law [21] . The strain ε can be defined as follows:
where fε E g is the elastic strain and fε T g is the thermal strain. Based on minimum potential energy principle, the unit stress could be defined as follows:
where ½D is the elastic matrix. If the external load exists, such as the gravity and the surface pressure, then the external load should be assigned to the relevant node, according to equivalence principle, to obtain the thermodynamic solution results based on the finite element method.
Boundary Condition.
In the simulation, the boundary condition was set according to the exhaust gas temperature and flow rate of the A498BPG diesel engine obtained through the bench test. Figure 2 shows the diesel test bench of A498BPG, parameters of which are shown in Table 1 .
The full -load operating condition of the A498BPG naturally aspirated diesel engine is shown as in Table 2 .
Assuming that the intake and exhaust of a diesel engine are ideal gases and meanwhile in equilibrium, the intake and exhaust processes are simple compressible thermodynamic systems with the same thermodynamic parameters. T 0 , ρ 0 , and p 0 represent the temperature, density, and pressure of the inlet gas, respectively. T 1 , ρ 1 , and p 1 represent those of the outlet gas, respectively. m out represents the mass flow rate of exhausted gas in exhaust section. d represents the diameter of exhaust pipe. The equation of state of ideal gas is as follows [22] :
where R g is a gas constant, which is 287 J/ðkg * KÞ. The continuity equation is as follows [22] :
where S is the section area of exhaust pipe and u is the exhaust flow rate. (10) and (11), the flow rate of the gas in the engine tail pipe can be calculated by Equation (12) .
It is known that when the engine works at full load and idling load, the exhaust velocity in the exhaust pipe is 6.7 m/s and 18.3 m/s. The convective heat transfer coefficient characteristic number equation at the condition of fluid sweeping the isothermal plate is selected to calculate the convection heat transfer coefficient at the sensor head, due to that the sensor is installed in a pipe with big size. The characteristic number equation is shown as follows [19] :
where Re l is the Reynolds number at characteristic length l, which represents the ratio of inertial force to viscous force.
Pr is the Prandtl number, which represents the ability of momentum diffusion and heat diffusion. Nu l is the Nusselt number at characteristic length l, and the Nusselt number is the same at similar convective heat transfer phenomena. The Nusselt number is expressed as follows [19] :
where k is the thermal conductivity of exhaust gas at qualitative temperature, and then the convective heat transfer coefficient h at the surface of the sensor could be expressed as follows:
where l is the total length of the exhaust pipe near the sensor and L = 0:5 m. It is calculated that the convective heat transfer coefficient of the PM sensor probe surface is 47 Wðm 2 · KÞ −1 at the full load of the engine, and 23
Wðm 2 · KÞ −1 at the idling speed of the engine, with the flow of the high-temperature exhaust gas in the exhaust pipe.
Modeling
First, the three-dimensional diagram of the sensor is drawn by the Pro/E software, and then the diagram is imported into the ANSYS multiphysics. Only half of the sensor is simulated due to the axisymmetric structure of the sensor, and the exhaust pipe is represented by a thin plate. In addition, the density, the heat conductivity coefficient, and ratio heat capacity of each should be defined. Figure 3 shows the simplified PM sensor, which includes five parts made of different materials. Table 3 shows the material attribute of the sensor.
The meshing model consisting of 2814 elements, generated by combining the free meshing and local mesh encryption, is shown in Figure 4 .
Results and Discussions

Reliability Analysis of PM Sensor during the Response
Stage of PM Sensor. The operating condition of the sensor, when the engine works at the full load, is really the worst due to the large velocity and the high temperature of the exhaust [23] . Hence, the operating reliability of the sensor at full load can ensure that the sensor could operate normally under any working circumstance. When the engine runs at full load, the exhaust temperature T s is 544°C, the Reynolds number and the Prandtl number are 7:98 × 10 5 and 0.65 respectively. Meanwhile, the heat conductivity coefficient k is 0.046 Wðm · kÞ −1 . Then according to Equation (15) , the convective heat transfer coefficient of the sensor head marked as h s is 47 Wðm 2 · KÞ −1 approximately.
It is necessary that the highest temperature T d of the sensor base should be lower than 250°C, and the biggest thermal stress marked as δ max , the sensor bears should be lower than allowable stress of the material, where T d and δ max can be attained through steady-state simulation. Figure 5 shows the temperature and stress distribution of the sensor when the engine runs at full load, the heat transfer coefficient h e is 20 W(m 2 ·K) -1 , and the environment temperature T e is 20°C. From Figure 5 (a), it shows that the highest temperature of the sensor's head is 520°C, and the air gap in the sensor weakens the heat transfer which causes the fixed base of the sensor being at a lower temperature. The temperature of the front end of the sensor base is up to 227°C, which is lower than the upper working temperature of polytetrafluoroethylene 250°C. Figure 5(b) shows that the highest thermal stress, which is up to 88 MPa, appears at the zone where the section area changes dramatically. And the highest thermal stress 88 MPa is still in the allowable stress range of the material. Thus, it is concluded that the sensor has a high reliability under this severe working conditions, which guarantees the working reliability of the sensor at any operating condition. In addition, the giant temperature difference between the outside and inside of the exhaust pipe causes the high-temperature gradient existing at the thread, which makes a higher thermal stress distribution [24] . By changing the parameter of environment temperature, the temperature Journal of Sensors and thermal stress distribution at different environment conditions could be obtained, which is in favor of the sensor reliability research at extreme environment condition.
The Influence of Outside Environment on the Highest
Temperature of the Fixed Base. Figure 6 shows the influence of the outside environment on the highest temperature of the fixed base when the engine is operating at full load. It shows that the highest temperature of the fixed base is positively related to the environment temperature at the same convective heat transfer coefficient, while it is negatively related to the convective heat transfer at the same environment temperature T e . As a result, any method of reducing the thermal load would be in favor of improving the working condition of the sensor. The influence of environment parameter h e on the highest temperature of the fixed base is more obvious than that of the environment parameter T e because the influence factor dT d /dh e is higher than dT d /dT e . It is shown that at the same environment temperature, the value of dT d /dh e becomes lower with the increment value of h e . Consequently, the bigger the convective heat transfer coefficient h e is, the impact it would play on the fixed base is smaller. As a result, the local temperature of the sensor could be effectively reduced through increasing the outside convective heat transfer coefficient within a certain range.
The Influence of Outside Environment on the Thermal
Stress of the Sensor. Figure 7 shows the influence of the outside environment on the biggest thermal stress of the sensor, which is defined as δ max . It is indicated that the value of δ max is negatively related to the environment temperature T e when the outside convective heat transfer coefficient h e is fixed, while it is positively related to the value of h e when the value of T e is fixed. As a result, any method of reducing the local temperature difference would be in favor of reducing the local thermal stress. The environment parameter h e has a more obvious effect on the biggest thermal stress than T e , due to that the value of dδ max /dh e is higher than the value of dδ max /dT e . In addition, the value of dδ max /dh e is smaller with the value of h e increasing at the same environment temperature; thus, the bigger the convective heat transfer coefficient h e is, the effect it has on the local thermal stress of the sensor is smaller.
Both the increase of the convective heat transfer coefficient and the decrease of environment temperature will increase the local temperature gradient and thermal stress. However, the biggest local thermal stress of the sensor is just up to 115 MPa when the convective heat transfer coefficient reaches to 40 W(m 2 ·k) -1 and environment temperature declines to 0°C. As a result, the sensor could work reliably under severe working conditions. It is concluded that the increase of convective heat transfer coefficient in a wide range would not only cause the thermal damage of the sensor but also it is in favor of reducing the thermal load of the sensor base.
From Figure 7 , it shows that the local thermal stress is the biggest when the convective heat transfer coefficient h e is 40 W(m 2 ·K) -1 , and the environment temperature T e is 0°C. Under this circumstance, the point where the biggest thermal stress appears is marked as point A. Figure 8 shows how the temperature, temperature gradient, and thermal stress vary with time at point A. It is shown that all of them increase sharply at point A before 90 s, and the thermal stress has its biggest value of 128 MPa after 105 s. Then, the temperature increases slowly, and the thermal stress reduces ultimately to 115 MPa with the temperature gradient declining. It is concluded that the thermal stress applied on the sensor is always allowable.
The Reasonable Heating Power of PM Sensor in the
Process of Cold Starting. From the cold starting to the stable idling of the engine, the temperature distribution and stress distribution of the sensor are simulated with the heating power ranging from 10 W to 500 W. The optimum heating power that ensures energy consumption lower and heating efficiency higher could be obtained by comparing the cold starting time and the biggest thermal stress after the cold starting under different heating power values. The obtained optimum heating power simulated at the temperature 0°C could guarantee the reliable operation of the sensor at higher Table 2 shows the exhaust environment when the engine works at the idling speed. Figure 9 shows that the biggest temperature difference is marked as ΔT, and the biggest local thermal stress is marked as δ. It also shows the variation of ΔT, δ, and the cold starting time with the heating power ranging from 10 W to 500 W. It Journal of Sensors is indicated that the cold starting time reduces with the increase of the heating power. However, the increase of the heating power would not only result in energy consumption but also lead to the increase of ΔT and δ. In addition, the cold starting time increases sharply with the heating power declining. To determine the reasonable heating power, the variation trend of each parameter should be taken into consideration. The value of dt/dP is approaching to zero with the heating power increasing continuously. As shown in Figure 9 , the cold starting time of the sensor is 170 s when the heating power is 60 W, and the cold starting time would not be reduced effectively with the heating power increasing continuously, which would also enlarge the structure thermal stress. It is concluded that the heating power of 60 W could guarantee the cold starting request with the biggest thermal stress being 35.8 megapascals.
Conclusions
The transient and steady-state simulation of the temperature and thermal stress are conducted according to the boundary conditions obtained from the engine test bench, and the following conditions were arrived:
(1) Although the increase of convective heat transfer coefficient leads to the increase of local stress, the overall thermal load of the sensor is reduced. Thus, the sensor can operate reliably over long periods of time at different engine operating environments (2) In the transient simulation of the structure stress of the sensor, the external environment resulting in the largest thermal stress is selected as the boundary condition. The result shows that in the cold starting process of the engine, the local thermal stress of the sensor increases first and then decreases, and reaches the peak after about 90 s. The maximum thermal stress of the sensor during cold start is always less than the allowable stress of the material (3) In the study of the heating power of the sensor ceramic heating body at the cold start of engine, it turns out that the cold starting time of the sensor decreases exponentially with the increase of the power of the ceramic heating body and the local thermal stress increases linearly. Thus, there is a tradeoff between the cold starting time and the local thermal stress when selecting the optimum heating power (4) Leakage current PM sensor can operate steadily at various loads, including cold starting and full load. The external environment requirement for sensor working is not strict. It implies that the collection of PM concentration signals can be conducted under the harsh working conditions A further study will be performed for commercial application in the future. The movement state of particles and the output signal of the sensor under different sensor structures need to be studied and analyzed to further explore the prototype mechanism of the leakage current PM sensor and the correlation function between sensor signal and structure.
